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A double-sided LCC compensation network and a tuning
method are proposed for a wireless power transier system.
With the proposed topology, the resonant frequency 1s 1nde-
pendent ol coupling coellicient and load conditions. The
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system with up to 7.7 kKW output power was designed and
built using the proposed topology and achieved 96% efii-
ciency from DC power source to battery load.
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DOUBLE-SIDED LCC COMPENSATION
METHOD FOR WIRELESS POWER
TRANSFER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/844,987 filed on Jul. 11,2013. The

entire disclosure of the above application 1s incorporated
herein by reference.

FIELD

[0002] The present disclosure relates to a double-sided
LCC compensation network and its tuming method for wire-
less power transier.

BACKGROUND

[0003] The wireless power transter (WPT) using magnetic
resonant concept was proposed by Nikola Tesla more than
100 years ago. Until recently, with the development of power
clectronics technology, it 1s realized that a wireless power
transier system can be implemented economically enough to
have a commercial value. Several companies have already
developed products which can transier power with acceptable
power level and efficiency through a certain air gap.

[0004] In a wireless power transier system, the energy is
transierred through the mutual inductance of the transmit coil
and receive coil, while the leakage inductance does not have
a direct contribution to the active power transier. Because of
the large gap between the transmit coil and receive coil, the
coupling coefficient between the two coils 1s small, typically
in the range of 5% to 30% depending on the distance, align-
ment, and si1ze of the coils. This causes the wireless power
transfer systems to have a large leakage inductance but a
small mutual inductance. To increase the coupling, the coil
design, without a doubt, 1s important. Meanwhile, the com-
pensation circuit which 1s used to cancel the leakage induc-
tance, 1s also of great importance. Usually, capacitors, which
can be lumped or parasitic, are added to form a resonant
circuit, which 1s known as the magnetic resonant method.
[0005] Different compensation topologies have been pro-
posed and implemented to tune the two coils working at a
resonant frequency 1n a wide range of applications. There are
four basic topologies depending on how the compensation
capacitors are added to the transmit and receive coils, namely,
series-series (SS), series-parallel (SP), parallel-series (PS),
and parallel-parallel (PP) topologies. Some other novel
topologies have also been proposed in the literature. For
example, a dual-topology 1s realized by switching between a
parallel compensated and a series compensated secondary
side to realize both constant current mode and constant volt-
age mode. Moreover, the transmit and receive coils need to be
connected to the power electronics converters. To achieve
high efliciency for the complete wireless power transier sys-
tem, some additional topologies have been proposed. In
another example, a LCL converter 1s formed by adding LC
compensation network between the converter and the trans-
mit coil. There are two advantages for the LCL converter
when the system works at the resonant frequency. First, the
inverter only supplies the active power required by the load;
second, the current 1n the primary side coil 1s independent of
the load condition. In yet another example, a LC compensa-
tion network at both primary and secondary sides 1s proposed
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for bidirectional power transier. The design of a LCL con-
verter usually requires the same value for the two inductors.
[0006] One of the uniqueness of wireless power transfer
systems 1s the high spatial freedom of the coils. This means
the air gap vanation and misalignment of the transmit and
receive coils are 1nevitable. Usually, the system parameters
and resonant frequency of the primary and secondary reso-
nant tanks change when the coupling condition changes. With
traditional compensation topologies, 1n order to achieve high
eificiency, a tuning method 1s needed to maintain the reso-
nance when the air gap changes or misalignment happens.
There are two main methods, namely frequency control and
impedance matching. Phase-locked loop techniques are able
to tune the operating frequency to track the resonant fre-
quency which will change due to the vanation of gap length,
misalignment and tolerance variation of the tuning compo-
nents. Alternatively, impedance matching can be applied.
Either method 1s difficult to implement 1n practice due to the
uncertainty of the variations of the system. The overall system
elficiency has also been constrained.

[0007] In this disclosure, a double-sided LCC compensa-
tion topology and 1ts parameter design method 1s proposed.
The topology consists of one inductor and two capacitors at
both the primary and secondary sides. With the proposed
method, the resonant frequency of the compensated coils 1s
independent of the coupling coelficient and the load condi-
tion. The wireless power transfer system can work at a con-
stant frequency, which eases the control and narrows the
occupation of frequency bandwidth. Nearly unit power fac-
tors can be achieved for both the primary side and the sec-
ondary side converters 1n the whole range of coupling and
load conditions, thus high efficiency for the overall system 1s
casily achieved. A parameter tuning method 1s also proposed
and analyzed to achieve ZVS operation for the MOSFET-
based mverter. The proposed method 1s more attractive 1n an
environment where the coupling coeflicient keeps changing,
like the electric vehicle charging application. Also, due to 1ts
symmetrical structure, the proposed method can be used 1n a
bi-directional WPT system. Simulation and experimental
results verified analysis and validity of the proposed compen-
sation network and the tuning method. A prototype with 7.7
kW output power for electric vehicles was built, and 96%
elliciency from DC power source to battery load 1s achueved.
[0008] This section provides background information
related to the present disclosure which 1s not necessarily prior
art.

SUMMARY

[0009] This section provides a general summary of the
disclosure, and 1s not a comprehensive disclosure of 1ts tull
scope or all of 1ts features.

[0010] A double-sided LCC compensation network 1s pro-
vided for a wireless power transier system. The wireless
power transier system 1s comprised generally of a send unit
configured to transier power using inductive power transier
and a recerve unit configured to receive the power from the
send unit. The send unit includes an 1nverter configured to
receive a DC 1nput signal and convert the DC mnput signal to
an AC output signal at a desired resonant frequency; a send
coil configured to receive the AC output signal from the
iverter and generate an alternating electromagnetic field;
and a send side compensation circuit interconnecting the
inverter with the send coil. More specifically, the send side
compensation circuit1s comprised of a send side inductor and
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a send side series capacitor serially coupled together and
coupled to a positive terminal of the send coil, as well as a
send side parallel capacitor coupled in parallel with the send
coil.

[0011] Thereceiveunitincludes a recerve coil configured to
receive the alternating electromagnetic field from the send
coil of the send unit and output an AC charging signal; a
receive side converter configured to recerve the AC charging,
signal from the receiwve coil and convert the AC charging
signal to a DC charging signal; and a receive side compensa-
tion circuit interconnecting the receive coil with the receive
side converter. Likewise, the recetve side compensation cCir-
cuit 1s comprised of a recerve side inductor and a receive side
series capacitor serially coupled together and coupled to a
positive terminal of the receive coil, as well as a recerve side
parallel capacitor coupled 1n parallel with the receive coil.
[0012] Inone embodiment, the inverter 1s further defined as
a full bndge converter circuit comprised of four MOSFET
switches. A controller 1s electrically coupled to the four
switches and operates to turn the switches on and oif at a zero
voltage switching condition.

[0013] The turn off current delivered by the controller can
be computed in accordance with

R

(U2, [ALEE ) l]
Uap\ Ly 4 Uag

+
4{;_}{]Lfl

lorFr = V2

(oL s

\ /

where U ,, 1s first order root mean square value of 1nput
voltage to the mverter, U_, 1s first order root mean square
value of output voltage of receive side converter, L4 1s induc-
tance of send side inductor, L,, 1s inductance of receive side
inductor, m, 1s resonant frequency and AL _, 1s an increase 1n
value ot L, to ensure the turn otf current is positive.

[0014] In some embodiments, the circuit parameters are
tuned such that AL _, 1s computed in accordance with

1 I6rF min @06 L1 - L
ﬁ.LEz = Zsz + >
Uﬂb_min
where U_, , . 1s the minimum first order root mean square

value of output voltage of receive side converterand I -~ ..
1s minimum turn off current to achieve U _, . . -
[0015] In other embodiments, the receive side converter 1s
turther defined as a full wave rectifier circuit. A battery may
be configured to recerve the DC charging signal from the
receive side converter and the recerve unit 1s integrated nto a
vehicle.

[0016] Further areas of applicability will become apparent
from the description provided herein. The description and
specific examples 1n this summary are intended for purposes
of 1llustration only and are not intended to limait the scope of
the present disclosure.

DRAWINGS

[0017] The drawings described herein are for illustrative
purposes only of selected embodiments and not all possible
implementations, and are not intended to limit the scope of
the present disclosure.
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[0018] FIG. 1 1s a schematic of a double-sided LCC com-
pensation topology for wireless power transier;

[0019] FIG. 2 1s a schematic of an equivalent circuit of the
topology shown in FIG. 1;

[0020] FIG. 3A 1s a schematic depicting circuit character-
istics of the equivalent circuit at resonant frequency when
only an mput voltage 1s applied;

[0021] FIG. 3B 1s a schematic depicting circuit character-
1stics of the equivalent circuit at resonant frequency when
only an 1nput voltage divided by the turns-ratio 1s applied;
[0022] FIG. 4 1s a schematic of an equivalent circuit having
system parameters tuned to ensure that MOSFETSs turn off at
a positive current;

[0023] FIG. 5 1s a graph illustrating the effect of all high
order currents;
[0024] FIG. 61s a diagram of a vehicleillustrating two types

of misalignments;

[0025] FIGS. 7A-7C are graphs depicting simulation and
theoretical calculation results of the power levels for the
designed system;

[0026] FIG. 8 1sa graph depicting simulation waveforms of
output voltage u,, and current through diodes 1;, when
U, =150V, U,=450V;

[0027] FIGS. 9A-9C are graphs depicting simulation and
theoretical results of the MOSFETs turn-otf current I , ... with
k=0.32, k=0.24, k=0.18, respectively;

[0028] FIGS. 10A-10C are graphs depicting experimental
and theoretical calculation results of the power levels for the
wireless charger system withk=0.32, k=0.24, k=0.18, respec-
tively;

[0029] FIGS. 11A-11C are graphs depicting experimental
and theoretical calculation results of the MOSFETS turn-off
current I, with k=0.32, k=0.24, k=0.18, respectively;
[0030] FIGS.12A and12B are graphs depicting wavetorms
ofthe input voltage v,z and current 1; 4 and output voltageu,,,,
and current 1; ,, when deliver 7.7 kKW power,

[0031] FIGS.13A-13Care graphs depicting simulation and
experimental efficiencies of the system when output voltages
are 300V, 400V and 450V at different X-misalignments;
[0032] FIG. 14 1s a schematic of an alternative embodiment
of an integrated double-sided LCC compensation topology
for wireless power transier;

[0033] FIG. 15A 15 a schematic of an equivalent decoupled
circuit model for the integrated LCC compensation topology;
[0034] FIG. 15B i1s a schematic of a simplified equivalent
circuit model for the integrated LCC compensation topology;
[0035] FIG. 16 1s a schematic depicting an open circuit
condition for the mtegrated LCC compensation topology;
[0036] FIGS.17A-17F are schematics of equivalent circuit

models of the mtegrated LCC compensation topology over a
tull cycle;

[0037] FIG. 18 1s a diagram illustrating different operating
modes for the imtegrated LCC compensation topology;
[0038] FIGS. 19A-19D are graphs 1illustrating waveforms
for the different operating modes of the integrated LCC com-
pensation topology; and

[0039] FIG. 20 1s a graph depicting the relationship
between efficiency and the different operating modes.
[0040] Corresponding reference numerals indicate corre-
sponding parts throughout the several views of the drawings.

[l

DETAILED DESCRIPTION

[0041] Example embodiments will now be described more
tully with reference to the accompanying drawings.
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[0042] FIG. 1 depicts an example embodiment of a double-
sided LCC compensation network and corresponding power
clectronics circuit components in the context of a wireless
power transier system 10. The wireless power transier system
10 1s comprised generally of a send unit 12 and a recerve unit
14. The send unit 12 1s configured to transfer power using
inductive power transfer; whereas, the receive unit 14 1s con-
figured to receive power via inductive power transier from the
send unit. In one embodiment, the send unit 12 1s 1mple-
mented as a pad for placement 1n a garage and the receive unit
14 15 attached to the underside on an electric or hybrid electric
vehicle. Other applications for the power transmission system
10 also fall within the scope of this disclosure.

[0043] The send unit 12 includes a DC power source 21, an
iverter 22, a send side compensation circuit 23 and a send
coil 24. The mverter 22 receives a DC mput signal from the
power source 21 and converts the DC 1nput signal to an AC
output signal at a desired resonant frequency. In one embodi-
ment, the mverter 22 1s a full brndge converter circuit com-
prised of four power MOSFETs S, ~S, although other circuit
arrangements for the inverter are contemplated by this disclo-
sure. A controller 25 mterfaced with each of the MOSFETSs
controls the switching operation of the mnverter 22. The con-
troller 25 turns the switches on and off to generate the AC
output signal at the desired resonant frequency. In some
embodiments, a rectifier (not shown) may be connected
between an AC power source and the mverter 22.

[0044] The send side compensation circuit 23 intercon-
nects the mverter 22 with the send coil 24. In the example
embodiment, the compensation circuit 1s comprised of a send
side mnductor L4, a send side series capacitor C, and a send
side parallel capacitor C,. The send side inductor and the
send side series capacitor are serially coupled together and
coupled to a positive terminal of the send coil; whereas, the
send side parallel capacitor 1s coupled in parallel with the
send coil.

[0045] The receive unit 14 includes a receive coil 32, a
receive side converter 33 and a receive side compensation
circuit 34. The receive side converter 33 receives an AC
charging signal from the receive coil 32 and converts the AC
charging signal to a DC charging signal. In one embodiment,
the converter 1s a bridge rectifier circuit comprised of four
diodes D,~D, although other circuit arrangements for the
converter are contemplated by this disclosure. In some
embodiments, a battery 1s configured to recerve the DC charg-
ing signal from the converter 33. M 1s the mutual inductance
between the send coil and the receive coil.

[0046] The recerve side compensation circuit 34 intercon-
nects the recerve coil 32 with the converter 33. In the example
embodiment, the compensation circuit 1s comprised of a
receive side inductor L, a receive side series capacitor C2
and a receive side parallel capacitor Cg,. The receive side
inductor and the recetve side series capacitor are serially
coupled together and coupled to a positive terminal of the
send coil; whereas, the receive side parallel capacitor 1s
coupled in parallel with the send coil. It 1s to be understood
that the relevant components of the send unit and the receive
unit are discussed 1n relation to FIG. 1, but that other compo-
nents may be needed to implement the wireless power trans-
fer system.

[0047] For a first step, a concise characteristic of the pro-
posed compensation network will be given by analyzing the
first order harmonics of the square voltage waveform at the
switching frequency. The resistance on all the inductors and
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capacitors are neglected for simplicity of analysis. The accu-
racy of the approximations will be verified by circuit simula-
tion and experiments in the latter sections. The equivalent
circuit of the circuit in FIG. 1 referred to the primary side 1s
derived as shown 1n FIG. 2. The apostrophe symbols indicate
the variables of the secondary side referred to the primary

side. The turns-ratio of the secondary to primary side 1s
defined as

n=L/L,, (1)

where L, 1s self-inductance of the send coil and L, 1s seli-
inductance of the receive coil. The variables 1n FIG. 2 can be

expressed by the following equations:

Lm:k.}:’l?
Lo =(1-K)Ly,

L ,52:(1 _k).LE/HE:

P 2
C=n*C,,

A
Cﬁ—n sz,
U gp=Up/n. (2)

where U , . 1s the first order root mean square of the input
voltage and U _, 1s the first order root mean square of the
output voltage from the converter 33. For a high order system
in FIG. 1, there are multiple resonant frequencies. This dis-
closure does not focus on the overall frequency domain char-
acteristics.

[0048] Rather, only one frequency point, which could be
tuned to a constant resonant frequency, 1s studied. Here, the
resonant means the mput voltage U, and current I, ;, of the
compensated coil system are in phase. The circuit parameters
are designed by the following equations to achieve a constant
resonant frequency for the topology.

1 (3)

Lf1-Cr1 = —,
Wy
|
Lir-Cpr = —,
Wy
I, —L :
Lr—L :

where m, 1s the angular constant resonant frequency, which 1s
only relevant to inductors and capacitors 1n the system, 1nde-
pendent of coupling coelficient k and load conditions.

[0049] Under the above rules, the circuit characteristics
will be analyzed at resonant frequency w,. According to
superposition theory, the effect of U ,, and U' , can be ana-
lyzed separately, as shown 1n FIGS. 3A and 3B. The dashed
line means there 1s no current on that path. FIG. 3A 1s used to
analyze the effect of U 5. The additional subscript indicates
that current 1s contributed by U , ... To make the analysis clear,
the series connected capacitor and inductor branches, C,, L,
and C',, L', are expressed using an equivalent inductance L. _,
and L'_,, where
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1 1 (4)
Lel—,_'(. +ﬁM0L51]=Lf1—k L
Jy \ Jol]
L : ( : 'L"] L k-L )
2 = M 0 Ch + Jwolg | = Ly — K- L.
[0050] L';, and C',, form a parallel resonant circuit, which

can be regarded as an open circuit at the resonant frequency
m,. Thus, I', ,z=0. In the left part of the circuit, L_,, L, are
connected 1n series, and

[0051] It forms another parallel resonant circuit with C, at
the same resonant frequency w,. Thus, I;, ,5=0. Because
there 1s no current through L, and L', the voltage on C,
equals U 5, and the voltage on C,, equals the voltageon L,
I, ,sand I'; » ;5 can be easily solved:

—— 7
1AB — ~

A JwolLy

. kU apLy (8)
[f2AB = jwoL L,

When U’ , 1s applied, the analysis 1s similar to that when U
1s applied. An additional subscript , 1s added to indicate that
the current 1s contributed by U_,. The solutions are 1'; , ,,=0,
1, =0 and

y U, (9)
40 jwoLls,
P kU, Ly (10)
[flab = jooLeils
[0052] U , is a passive voltage generated according to the

conduction mode of diodes D, ~D,. It should be 1n phase with
'y - SInCel'y =0, U, 1s inphase with I'; » 5. It U 45 as the
reference, U, ., and U' , can be expressed as

Uag = Uss (11)
. L/ 12
Ugp = ?b:—ﬁ'Uéb -
On the other hand,
U’ =U" .-(cos ¢+j-sin ¢) (13)

where ¢=-m/2 is the phase by which U, leads U ..

[0053] Substitute (2), (11), (12) into (7)-(10), and sum up
the current generated by U . and U' , to get
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kLU, kNLiL, Ug (14)
idﬂLflL}z MDLflLfg

;’Lfl = }Lflab =

. U xp (15)
Iy =1iap = =
Jwo Ly
£ il B it B H'{UDL}Z - {U{)sz
B I B Iif248 AV L1y -Upgp (17)
2= = = = T AL
J-wolysi Lo

From (11), (12) and (14), 1t can be seen that the input voltage
and current are in phase. Unit power factor for the converter 1s

achieved. Consequently, the transierred power can be calcu-
lated by

VL L, (13)

kU apUgp

P=Upap- i =
wol 1 L

It can be seen that the output power 1s proportional to the
coupling coelficient k, the input voltage U , ., and the output
voltage U , .. Thus, power can be easily controlled by chang-
ing the mput voltage or output voltage. It 1s also noted that a
buck or boost converter can be inserted either before the
sending side mverter or after the receiving side rectifier to
control the output power.

[0054] If the coils and compensation network parameters
are designed exactly according to the above rules, all the
MOSFETs will be turned on and off at a zero current switch-
ing (ZCS) condition. However, ZCS 1s not a perfect soft
switching condition in converters containing MOSFETs and
diodes. To minimize the switching loss, 1t 1s better that all
switches are turned on and off at a zero voltage switching
(ZVS) condition. The parasitic output capacitance of the
MOSFET holds the voltage close to zero during the turn-off
transition. So the turn-oil switching loss 1s very small. How-
ever, 1n the turn-on transition, ZVS operation 1s required to
prevent both body diode reverse recovery and parasitic output
capacitance from inducing switching loss. To realize ZVS for

a MOSFET, the body diode should conduct before the MOS-
FET does. It 1s essential that the MOSFET needs to be turned
on at a negative current. For a full-bridge converter, this
means the input impedance of the resonant network should be
inductive. In this case, the resonant current lags the resonant

voltage which forms the ZVS operation condition for all
MOSFETs.

[0055] In this disclosure, the ZVS operation condition
refers to ensuring the turn-off current to be positive to realize
Z VS turn-on of another MOSFET 1n the same arm. There can
be several ways to tune the system parameters to ensure the
MOSFETs turn off at a positive current. Here, one example
way 1s mtroduced and analyzed.

[0056] To achieve ZVS, the value of L_, 1s increased
slightly. As shown 1n FIG. 4, the change of L _, 1s AL'_,. Also,
superposition method 1s used to analyze the tuned circuit.
WhenU _ . 1s applied to the circuit, the equivalent circuit 1s the
same as 1n FIG. 3A. 1,4 45 1s zero. While, when U',, 1s
applied,1'; 5, ,,, 1s not zero any more. The circuit1s again solved
with the variation of AL'_,, and the following equations can be
derived.
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!

U ab AL;EE ( L 9)

e

-t
] — _ . .
If2ab_lst J 00 - L}z L}z

I Lf2 1st = I 1248 T I Lf2ab st (20)

ki ply U, -(cosg+ j-sing) AL,

— ' J ? /
Ul -sing-AL, (U, -cosp-AL,  kUxpl,
— —_— . _I_ .
wo(Lpy ) wo(Lry ) wolLyg Ly
./ jifz_lsr (21)
foz_lsr = "
Ugp -sing-ALyp kUapVIi1Ly | Ug-cosp-ALy
- o L%, 7 LeiLgr g wo L%, |

where the subscript 1** means the first harmonic component.

[0057] The phase of U' , is different from the phase of
1; 5 15 From (12), (13) and (20),

I §
pIs— 3

when AL _, 1s zero. When L _, 1s increased to realize ZVS, the
change of L_, 1s relative small so ¢ 1s still close to —mt/2 and sin
¢p=~—1, cos p=0, AL ,<<L »<L . Usually, the additional induc-
tors, Ly and L, used as a reactive power compensator, are
designed such that they are much smaller than the main coils.
The following approximation can be obtained from (21):

Ugp  ALgp Ly (22)

UaB Liy kv L Ly

COSY; = —CotyY| =~ —

where ¢, (-90°<¢,<<-180°) 1s the phase by which 1, ,,
leads U , ...

[0058] To reduce the switching loss, 1t 1s preferred to
achieve ZVS condition at a minimum turn-oif current. This
means at the switching point, the current 1s close to zero. The
current slew rate at the switching point 1s high. A small phase
error 1n the analysis will bring relatively large current error. If
the phase error falls into the inductive region, 1t means a
higher turn-oil current and higher switching loss. If the phase
error falls into the capacitive region, the turn-off current may
be negative. It means ZVS 1s lost and severe reverse recovery
in the MOSFET diode will occur. This will bring high switch-
ing loss and electromagnetic interterence (EMI) problem.
Therefore, the analysis accuracy of the turn-off current 1s very
important. The high order harmonics of the square voltage
should be considered. The inductor-capacitor network from
the sending side to the receiving side 1s a high order filter. For
the high order harmonics, the interaction between the sending,
and recewving side can be neglected. Thus, the high order
current on L, can be roughly calculated by:

. .BUab_Srd (23)
= J Sﬂr_}{]sz

- Uab 3rd
I1f2 30 = — 7

j . BM[}LfZ +

J3woCir
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-continued
; N Uab st ~D Uab st
Lf2 5th = | 1 =J 4woL s
Jdwolgy + -
J- 50_}0 sz
_ U b (2k+1)th
Iipo Qkvlyn = — T

- (2k + DwoLsr +
AT w s e

L Ck+ DU s 1yin
J ((2k + 1)* = Dwo Ly

[0059] According to (23), the phase diflerence between
U.p mamandi;» 0 1870/2. S0 whenU . jumps at the time that
1; =0, 1; » .5 reaches the peak. And the peak value can be
calculated by

(24)

max{z .igz_mm} =V2 Z ILF2_(2%+1)th
k=1

= | ¥
:ﬁ ab

L (2 + 12— 1) wolp

The phase by which U , leads ;5 15 §, 18 close to O
(0=¢,<<m/2) and can be easily obtained by

(25)

V2 - Z L1522k ih
k=1

g — L Vs L
T V2 I 1 T4 Usg ky L1,
[0060] FIG. 5 shows the effect of the high order harmonic

currents. The sign of u,, 1s determined by 1, ,, which 1s a
composition of both the first and high order harmonic cur-
rents. From (22) and (25), the following equation can be
derived:

cosg = cos(y) +¢2) (20)
= COS(| COSW, — S1NY| S1NY»
~ COSY| + S1NY?

U Ls [ALEZ 1 ]

_UHB kN LiI» 4

L

Lfg 4
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-continued
Lfl lst = — = -
Flt JwoL gy Ly

kU, (cosg + j-sing)L;
Jwolyi Ly
kU’ singl,

iy Lfl L}“Z

kU’ cosel,

JrwolLys Ly

U (ALp 1

KUgpls UAB( Ly _Z]
woLg L J-wolyr

U3 (AL, 1

kU LiLy N UAB[ Ly Z,]

woLys Lso J-woLsr

L

From (27), an additional reactive current item 1s introduced.
This current will increase the MOSFET turn-off current to
achieve ZVS. For the sending side, similar to the analysis of
the recewving side for the high order harmonics effect, the
tollowing equations can be obtained:

; U 3 3U ag 3 (28)
[Fl 3rd = 7 = o —
j-3woLsy + - Jroton
I 30_}0 Cfl
; N U aB_sth - SU 48 _su
Lf1.5ed % 7 = 72wl
I SMDLfl + —
J3woCry
_ U 4B 2%+ 1yih
ILFl (k+lyh = — 7
- (2K + ool +
J ( o 11 " (2[( + l)iUDCfl
(2/6 + DU ag 24+ 1)1
((Qk + 1)? = DwoLy)
(29)

[0061] The MOSFET turn-off current 1s a composition of
both the first order and the high order harmomc currents.
From (27) and (29), the MOSFET turn-oil current can be

calculated as:

(U2, [ALEZ 1 ] ) (30)
Uapt\ L2 4 Uag
lopr = V2 +
orr \ twoLsr ALy

According to the MOSFET parameters, a minimum turn-oif
current to achieve ZVS can be determined. Then a suitable
AL _, can be designed to ensure there 1s enough turn-off cur-
rent to achieve ZVS for the whole operation range. To ensure
I~ 1s greater than a certain positive value, the following
equation should be satisfied:
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AL, N 1 (31)
L, ~ 4
[0062] According to (30) and (31) the lower the output

- current 1s. The minimal

voltage 1s, the smaller the turn-o
turn-oft current can be derived as:

1 Ly (32)

‘\/5 ] Uab_min J ALEZ

Lfl 4 Lfl ’

loFF min =
o - sz

where U_, .. 1s the minimum RMS value of the output
voltage. The minimum turn-off current 1s reached when

) ALy 1Y Ly (33)
UAB — Uﬂb_min ] \/4 [ sz - E] sz
[0063] Once the mimimum MOSFET turn-oif current 1s

obtained, AL _, can be calculated by

Al - = 1 I + I{Z}FF_mm ' {U% ' Lfl ' L?Z (34)
=T 4 I Uc?b Min

[0064] Next, an 8 kW wireless power transfer system 1s
designed according to the above principle. Then, a compari-
son between the simulation results and the analytical results
will be given 1n the next section to verily the effectiveness of
the above analysis. The specifications of wireless battery
charger are listed 1n Table 1.

TABLE 1

WIRBELESS BAT'TERY CHARGER SPECIFICATIONS

Spec/Parameter Value

Input DC voltage <425 V
Output battery voltage 300 V~450V
Nominal gap 200 mm
Coupling coefficient! 0.18~0.32
Sending coil inductance” 350~370 pH
Sending coil AC resistance ~500 mg2
Receiving coil inductance? 350~370 pH
Receiving coil AC resistance ~500 mg2
Switching frequency 79 kHz
Maximum power” ~8 kW
Maximum efficiency?’ ~97.1%

The coupling coetlicient varies because of misalignment. Its
value 1s related to the coil design, which 1s not the focus of this
disclosure. The main coil inductance changes a little bit when
the position of the two coils changes. A middle value 360 uH
was selected 1n the design stage. The rated output power 1s
designed as 8 kW with the maximum efliciency of 97.1%.

Due to the parameter variations, the maximum eificiency of
96% was reached at 7.7 kKW.

[0065] Since the ratio between the mput voltage and the
output voltage 1s around 1, the transmit and receive coils are
designed to have to same size. Thus, from (3), L, ,=L,,. From

Table I and (18),
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L =Lp (35)

kmax ¥ Uﬂ
_ \/ AB Y ab _ Ll

mﬂpmax

r
2V 2 2V 2
0.32 % X425 %

T T

=\ YA xT9x 103 X 8 x 103
~ 67 uH

X 45()

-360x 107°H

The value ot C, and C,, can be calculated from (3),

36
~ 60-6 nF (30)

Cfl = sz =
w§L 1

C, and C, can also be calculated from (3)

(37)

Then, a variation of AL _, should be designed to increase the
turn-oil current for MOSFETs to achieve ZVS. Once the
mimmum turn-oif current for ZVS 1s obtained, AL _, can be
designed using (34). For different MOSFET and dead-time
setting, the minimum turn-oif current is different. Fora 8 kW
system, usually a MOSFET with 80 A continuous conduction
capability can be adopted. In the example implementation,
Fairchild FCHO41N60E N-Channel MOSFETs were chosen
as the main switches. The switches are rated at 600V, 48 A
(75° C)to 77 A (25° C.). According to the parameters of the
MOSFET, the calculated dead-time 1s 600 ns. In order to
guarantee ZVS in this mode, the turn-oif current must be large
enough to discharge the junction capacitors within the dead-
time, which can be represented by:

40@55 Uﬂﬂ,max (38)

I4

loFrF 2

where U _; 5,5 1 the maximum mput voltage, C_ 1s the

junction capacitance and t, 1s the dead-time. By using the
MOSFET parameters, the turn-oil current can be calculated,

which should be larger than 2 A to realize ZVS. Thus, the
minimum turn-oft current I,z .., 1 designed to be 3 A.

[0066] DBy substituting (35)~(37)and 1.z ,,..,, 10t0 (34), we
can get

1 (39)

ALEZ = ZLfZIE‘FF_mEH ' ﬂrjﬁ ' Lfl ' L?Z
(67 32.(27-79x10°)°- (67x 1076 .67
2 ( -30(]]
\ T /
~ 21 uH

The equivalent inductance L _, 1s determined by C, and leak-
age inductance L. Because L, 1s related to the self-induc-

Jan. 15, 2015

tance and coupling, 1t 1s more complicated 1f L., 1s tuned to
change the value of L _,. It 1s easier to tune C, to change the
value of LL_,. From (3),

1 1 (40)

AL,; = -
’ w§Cy  w§(Cy + ACH)

Then, the variation of C, can be calculated:

wE - AL, - C3 (41)

Thus, to achieve ZVS, the value of C, should be tuned such
thatitis 1.1 nF larger than the value calculated by (37). All the

designed values for the example compensation network are
listed 1n Table II.

TABLE 11

COMPENSATION NETWORK PARAMTERS

Parameter Design value
LA 67 uH
Lo 67 uH
Cq 60.6 nF
Cp 60.6 nF
C, 14 nF
C5 15.1 nF

[0067] Both simulation and experiments are undertaken to
verily the proposed double sided LLC compensation network
and 1ts tuning method. The circuit parameters have been
shown in Table I and Table I1. Two kinds of misalignments are
defined, 1.e. X-misalignment (door-to-door, or right-to-leit),
and Y-misalignment ({front-to-rear), as shown in FI1G. 6. When
parking a car, the X-misalignment 1s much harder for the
driver to adjust. So X-misalignments 1s chosen for the simu-
lation and experiments. Various misalignments are reflected
by the different coupling coellicients. In this section, three
coupling coeflicients, namely, k=0.18, 0.24, 0.32, corre-
sponding to X=310 mm, 230 mm, and O mm respectively, as
well as three output voltages, U,=300V, 400V, 450V, are

chosen as case studies. The switching frequency 1s fixed at 79
kHz for all the cases.

[0068] A model was built 1n LTspice to simulate the per-
formance of proposed topology. The simulation results for
different coupling coelficients, mmput voltages and output
voltages were obtained. FIGS. 7A-7C show the comparison
between simulated and calculated output power for various
conditions. The output power varies linearly with the mput
voltages for different coupling coellicients and output volt-
ages.

[0069] For high input voltage and high coupling coeffi-
cients, the simulation and theoretical analysis agree well with
cach other. But for low 1nput voltage and low coupling coet-
ficients, the stmulation does not agree well with the analytical
results. This 1s because at low 1nput voltage and low coupling
coellicient, the diodes at the secondary side do not conduct all
the time between t +n-1/2 and t_+(n+1)-1/2, which 1s shown
in FIG. 8. A similar situation can also be found 1n the com-
parison results of turn-oil current, as shown in FIGS. 9A-9C.
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[0070] Inthe experimental set up, the coil dimension 1s 800
mm 1n length and 600 mm 1n width. The gap between the two
coils 1s 200 mm. A 10 uF capacitor (C ) and 10 uH inductor
(L) are selected as the output filter. FIGS. 10A-10C show the
comparison of experimental and simulation output power as a
function of input voltage for three coupling coetlicients and
three output voltages. Different coupling coelficients are
obtained by adjusting the gap and misalignment between
sending and receiving coils. The output power matches well
between simulation and experimental results, and they vary
linearly with the input voltage. The same inconsistency phe-
nomenon happens at the low 1nput voltage and low coupling
conditions as mentioned earlier. The calculated and simulated
maximum efliciency 1s 97.1%. Because of the resistance and
parameter variations in the real system, the maximum effi-
ciency ol 96% was reached at 7.7 KW output power, which 1s
a little lower than the simulated result.

[0071] FIG. 11A-11C show the comparison of experimen-
tal and theoretical calculated turn-oif currents of the MOS-
FETSs. The experimental results agree well with the analytical
results. The sending side wavelorms and receiving side wave-
forms are shown i FIGS. 12A and 12B when the system
operates at steady state delivering 7.7 W to the load. At this
operating point, mput voltage U, =425V, output voltage
U,=450V, coupling coellicient k=0.32. The results indicate a
good ZVS condition with 1,..=6 A. The turn-off current
maintains higher than required, while 1t 1s quite small relative
to the peak current.

[0072] FIG. 13A-13C show the simulation and experimen-
tal efficiencies from DC power source to the battery load for
the proposed double-sided LCC compensation network for
wireless power transier system. From FIG. 13C, 1t can be seen
that the efficiency 1s very high even at a large X-misalignment
condition. The maximum simulated efliciency 1s 97.1%,

while the maximum measured efficiency 1s about 96% when
U, =425V, U,=450V and k=0.32 as shown 1n FIG. 13A.

[0073] Inan alternative embodiment, not only the two main
coils, L, and L, are coupled to each other, but the main coil
and the secondary coil on the same side are coupled with each
other as shown 1 FI1G. 14. That 1s L, 1s coupled with L4 and
L, 1s coupled with L,. Consequently, L, and L, share the
ferrite core and space with the main coil and thereby reduce
the overall size of the system. Copper wire usage 1s also
reduced 1n this alternative embodiment. The mutual imnduc-
tances are M, M, , M,, respectively.

M=n/L L,
M:kw LiLyg,
M:kl\/m- (42)

where k, k,, and k, are the coupling coetlicients.

[0074] M, and M, are considered as constant while M var-
ies with the changing of the vehicle ground clearance and
misalignment. In this disclosure, the range of coupling coet-
ficient 1s limited between 0.14 and 0.30 according to the coil
design. Generally, the wireless power transfer system for
hybrid electric or electric vehicles has a large leakage induc-
tance but a small mutual inductance. Only the mutual induc-
tance has contribution to the power transier. So it 1s essential
to compensate the selt-inductance. Usually, the self-induc-
tance 1s compensated by adding a series capacitor. For sim-
plicity, 1in this disclosure the main coils on both the transmitter
and receiver sides are designed as the same.
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[0075] Inthe alternating current analysis, the square-wave
input voltage and output voltage are replaced by their first
fundamental sinusoidal equivalents. The power transierred 1s
assumed to be only through the fundamental component and
the contribution of all the high order harmonics 1s 1gnored.
The internal resistances on all inductors and capacitors are
neglected. The two main coils L1 and L2 can be regarded as
a transformer which can be equivalent to two decoupled cir-
cuits containing controlled sources. So the decoupled model
of the compact wireless charger system can be obtained, as
shown 1n FIG. 15B.

[0076] Assuming the circuit in FIGS. 15A and 15B are

driven by sinusoidal voltage source, of which the angular
frequency 1s w,. The circuit can be simplified by the followed
equations.

Lflg = Lfl + M, (43)

Lire =L + M>,

|
Lgl :L1+M1—

m%Cl"
|
Lez=bz+M2—wzc :
0~2
Crie = Cr
fle M%Ml-(jf1+l
C Cr!
fle M%Ml . Cfl + 1

Then the equivalent circuit can be simplified as shown 1n FIG.
15B.

[0077] Bothsidesareasimple LCL resonant converter. One
of the characteristics of LCL resonant converters 1s that the
output current 1s constant, only related to the input voltage, 1f
it works at the resonant frequency. As for this work, on the
sending side, assume:

Liie = Lo, (44)

1 (45)

. \/Lflecfle |

()

From (43) and (45), the following relationship can be
obtained

1 1 (46)

. \/Lflecfle l \/Lflcfl |

()

From (43), (44) and (46), the following equation can be
derived

| (47)

Ly —Ls = :
1 —Lyi 22C,

From (46) and (47) L,, L,, C4, C, are determined, the reso-
nant frequency will be fixed. So the resonant frequency 1s
independent of coupling coeflicient and load condition.
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[0078] By Kirchhoil’s Laws, 1t 1s easy to get
; U ap (43)
LT jm{]Lflf
. Ml (49)
Il = I

[0079] Similarly, on the receiver side, when L, =L, and

(1),:,:1/‘\/ L,.Csz, the following equations can be obtained

; MI, (50)
Lf2 = szg

} U b D
2 ﬁm[}LfZE .

Substitute (42), (51) and (42), (48) into (49) and (50) respec-
tively, we can get

VEiLs U 52

JwolrieLsae

kN LiLy Upap (53)

JooLsieLsae

Iij1 =~

}sz =

Take U , , as reference, and define

U (54

5_ . "
U ag

where U ; 1s the RMS value of the input voltage. It 1s obvi-
ously that 0 has features of unit vector.

[0080] As U , is a passive voltage, its direction is deter-
mined by the conduction mode of the diodes D,~D, of the
rectifier. It should be in phase with I 772 S0 the following
equation can be obtained

b (55)
Uagph = Ugp—.
J

Then (48), (51), (52), and (53) can be expressed as

. UAB . UHE . (56)
I = - 0 = - 0,

JwoLrye Jwo(Ls + M)
. Uﬂb Uab (57)
I = = 0,

two Lo, twolLsy + M>)
P kv LiLy Ugp 5 kN Lily Ugp 5 (58)
s woLfieLrre  wolLsy + M) L2 + M)
L, U ANVL Ly Uy 5 (57)
Lf2 = =

jwoLfieLfae  jwo(Ly + M)(Lpa + Ma)
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[0081] Itis obvious that current I, on the transmitter coil L,
1s constant, only related to mput voltage U , .. This 1s very
important 1f the transmitter coil transfers power to several
recerver coils at the same time. Furthermore, when a PHEV/
EV with a wireless charger 1s parked, the coupling coetficient
of the main coils will be determined. As a result, the output
current 1 , 1s also constant, which only depends on the input
voltage. This 1s suitable for battery charging.

[0082] From (54) and (58) 1t 1s obvious that the phase
difference between input current I 75 and input voltage U, s
zero. The power factor 1s 1. So the delivered power can be
expressed as

) VL, L, (60)

— 'kUHB Uﬂba
wolLsy + M)(Lp + M)

where U, and U_, are RMS values of the input voltage and
output voltage. The recerver side main coil size 1s limited by
the space of the bottom of the car. Therefore, the sizes of the
main coils and their inductances, L; and L, are limited. This
will result 1n a limitation for the output power of the WPT
system. It can be seen from (60) that the desired power can be
oot by designing proper inductances of the additional coils
and proper couplings between additional coils and the main
coils. Moreover, 1f delivering the same power from the trans-
mitter side to the receiver side, the inductances of the addi-
tional coils will be smaller, compared with the one that has no
couplings between the additional coils and the main coils.

[0083] Asindicated by (59), the output current is related to
iput voltage U 5, coupling coelificient k of the two main
coils, and components parameters 1f the system operates at
resonant frequency m,. The system 1s a current source, inde-
pendent of the load. FIG. 16 shows the open circuit of the
system. The equivalent circuit of the sending side 1s the same
as that shown 1n FIG. 15. However, as an open circuit, the
current on L, 1s zero and the recerving side equivalent circuit
1s different. The inductance L, does not join the resonant
circuit, but this does not change the resonant frequency of the
resonant circuit according to the previous analysis. It just
alfects the voltage before the rectifier because of the coupling
between L, and L.

[0084] If the input voltage 1s a cosine waveform as shown
below

Uap (61)

Uap = —— COS(wpl),

V2

then for the receiver side, the following equation can be
derived

fﬂz Ui
d 12

wiM  Uup (62)

2
cos(wol),
Lfl + M, /2

+ EUDHC —

CU[)M UAB , . ( I) (63)
S111L £ ]
2L + M) 7 0

e = Asin(wol + @) +

where u, - 1s the total voltage on the recerver side capacitors C,
and C. A and ¢ 1n (63) are determined by the initial condi-
tion.
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[0085] According to (63), the voltage on the capacitors will
increase with time. This 1s not allowed. In practice, there will
be always internal resistances in the circuit. For simplicity,
the internal resistances of the circuit are equivalent to the
resistances of the main coils (L, and L,), the differential
equation will be

tfﬂz Ui Rz ﬂﬂHC

X wiM  Uxp (64)
drz L, di

2
cos(wol),
Lfl + Ml ﬁ

+ {UDHC —

where R, 15 the equivalent resistance of the receiver side in
series with the main coil and 1s usually very small, R ,<4L.,/C.
It 2y=R.,/L,. Considering the 1nitial condition, the voltage on
the capacitors 1s

MLyw} U sz (65)

\/f’ﬂ% —v* Ro(Lyy + M) V2

e =e " sin\/ (W& —y2)r +

Mlywg  Uap

s1n{cwgl)
Ro(Lpi +My) \f2 ’

[0086] The voltage on the capacitors will be steady over
time as the second component of (67) shown. But the voltage
will be high enough to cause the capacitors to break down 1t
the battery 1s disconnected with the wireless charger suddenly
when 1t 1s 1n operation. Therefore, open circuit protection 1s
necessary for the integrated LCC compensation topology.
[0087] On the other hand, due to the resistance of the sys-
tem, the power will only transfer to the battery when the input
voltage 1s high enough. For the open circuit, when the system
1s 1n steady state, the voltage betfore the rectifier 1s

o C, Ly +M; Mw Uﬂﬂsin(m r) (66)
ab = B2 gz_CZ+CfZLfl+M1 Rg ﬁ 0

[0088] The battery voltage 1s U,. If lu_, |<U,, there will be
no power output. So U , , should be bigger than a certain value
as described 1n (67) to ensure power transier.

CH + sz Lfl + M, K> (67)
Uss > N2 Uy C, L,+M, Mw,
[0089] The operation of the integrated LCC compensation

network for WPT 1s complex due to the high-order system and
the resonant mechanism that the system has the same reso-
nant frequency with and without inductor L,,. The resonant
circuit without L, 1s formed when the diodes of the rectifier
on the receiver side are all off. The system can operate 1n
several stages within one switching cycle depending on the
circuit component parameters, coupling coelificient between
the two main coils, the input voltage, and load conditions
(output voltage), when the operation frequency i1s fixed at the
resonant frequency. Owing to the symmetry, only half switch-
ing cycle should be analyzed. In FIG. 14, the diodes of the
rectifier on the recerver side only conduct when the voltage
between nodes a and b 1s higher than the battery voltage.
Characterized by the voltage between nodes a and b, there are
three possible resonant stages, namely, positive clamped
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stage (stage P), negative clamped stage (stage N) and open
stage (stage O)1nthe half cycle when S1, S84 are onand S2, S3
are oil. As the proposed compensation topology 1s controlled
by the input voltage, the WPT system will pass through four
operation modes successively when the imput voltage
increase from zero to the maximum value. The operation
modes are categorized by the conduction statuses of the rec-
tifier as cutoil mode (CUTOFF), discontinuous conduction
mode (DCM), and continuous conduction mode (CCM).

Depending on the different sequential combinations of the
three stages, DCM can be divided into DCM1 and DCM?2.

[0090] The six equivalent circuit models of the integrated
LCC compensation topology over a full cycle are given 1n
FIGS. 17A-17F. According to the analysis above, 1t 1s neces-
sary to consider the resistances of the circuit. In the following
sections, the resistances of the circuit are equivalent to the
resistances connected to the main coils as R1 and R2 shown in

FIGS. 17A-17F. And only the first half cycle 1s analyzed.

[0091] Open Stage (Stage O): Stage O, as shown 1n FIG.
17B, occurs when all of the diodes of the rectifier are off, the
currenton L, 1s zero. Inductor L, does not join the resonance
with other circuit components, neither the battery. But as
mentioned before, the system still has the same resonant
frequency as other stages. During Stage O, the voltage
betweennode a and b 1s lower than the battery voltage Ub. The
differential equations can be expressed 1n a matrix form as

X=Ax+ Bu, (68)
where
x=[iLy e, It B uc, Uy Ucy, Ly, ] (69)
(0 ap as ajy a5 ajg aj; 0° (70)
0 0 Val, 0O 0 0 0 0
0 ﬂgz ﬂg?; ﬂ_’];rﬂl ﬂgﬁ ﬂ:l;ﬁ ﬂé? 0
4 1 0 ap  ai y  ags Gy Ay O
1 — 7 .
Xl o o 0 Y, 0 0 0 o0
Ya, 0 Yal, 0 0 0 0 0
0 0 0 a, 0 0 0 0
0 0 0 0 0 0 0 0,
u=[Usp Un]'. (71)
. b0 b, b, 000 0] (72)
1 — —7 i
X0 0 0 0 0000
[0092] The elements in the matrices and other parameters

are shown 1n the appendix.

[0093] Negative Clamped Stage (Stage N): When the volt-
age between note a and b 1s negative and higher than the
battery voltage, diodes D1 and D4 are oif, while D2 and D3
are on as shown 1n FIG. 14, the battery will be connected to
the circuit in reverse, as shown i FIG. 17A. Similarly, refer-
ring to the appendix, the following equation can be obtained

X=A-x+5-u. (73)

[0094] Positive Clamped Stage (Stage P): When the voltage
between nodes a and b 1s positive and higher than the battery
voltage, diodes D, and D, will be turned on while D, and D,
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turned off. As shown in FIG. 17C, the battery 1s directly
connected to the resonant circuit. According to the appendix,
the equation 1s

X=A-x+5u. (74)

[0095] When operating near the resonant frequency and
with the same load condition, the integrated LCC compensa-
tion wireless charger system passes through four operating
modes as shown 1n FIG. 18 with the input voltage increasing.
The first one 1s the cutofl mode (CUTOFF), followed by
discontinuous conduction mode I (DCM1), discontinuous
conduction mode II (DCM2), and continuous conduction
mode (CCM). They are divided into the following three cat-
egories: CUTOFF, DCM, and CCM. The equations describ-
ing the modes are boundary value problems of ordinary dii-
ferential equations. It 1s not possible to give analytical
solutions for such high order differential equations. So in this
work, the results are based on numerical solutions.

[0096] 1) Cutoff Mode (CUTOFF):

[0097] There 1s no power transier to the battery during the
cutoil mode, only stage O 1s involved 1n this mode. The 1input
voltage 1s small enough comparing to the output voltage and
therefore, the voltage between nodes a and b never reaches
U, . This 1s caused by the resistances 1n the circuit and imper-
tect compensation. The equivalent circuit can be represented
by FIG. 17B and the waveforms are shown 1in FIG. 19A. The
equation describing the steady-state of the cutoff mode 1s (68)
with boundary condition x(0)=-—x(1/2). This constraint
boundary condition fits all of the operation modes.

[0098] 2) Discontinuous Conduction Mode (DCM):

[0099] There are two cases of the discontinuous conduction
mode as shown 1n FIGS. 19B and 19C. For case one (DCM1),
which 1s after the cutoll mode, the system passes through
stage O, stage N and stage O successively (O-N-O) 1n the first
half cycle as shown 1n FIG. 19B. The equations describing it
are

O=<r=p (75)

[ <1<t .

(I =Ax+DBu

X =Ax+ DBru

My

A=A x+Biu np=<r=<T/2

[0100] With the increase of input voltage, the WPT system
operation mode changes from DCMI1 (O-N-O) to DCM2
(N-O-P). In this process, the system will pass through a
unique mode, namely, N-O. This mode 1s the boundary of

DCMI1 and DCM2 and 1t can be categorized into either of the
two DCMs.

[0101] DCM2 mode, as shown 1n FIG. 19C, occurs when

the mput voltage rises to a level beyond DCM1 mode, the
equations are

(X =Ax+Bu O=r=p (76)

X=Ax+bBu

..

[ <t<tb .

X =Ax+bBsu np=<r=<T/2

[0102] 3) Continuous Conduction Mode (CCM):

[0103] When the input voltage i1s high enough, the diodes of
the rectifier will conduct all the time. The statuses of the
circuit will shift between negative clamped stage (IN) and
positive clamped stage (P). The system will pass through N
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and P (N-P) 1n sequence during the first half resonant cycle as
shown 1n FIG. 19D. The equations are shown as following

{.i:=A2X+BQH O<r=<n (77)

i=Apx+Bsu n<1=<T/2

[0104] The equations above can be solved using numerical
method and the values of any states at any time can be
obtained. Based on the analysis above, 1t 1s easy to get the
output power and elliciency as

7 78)
Pow = = (Ub ‘IL Dtﬂﬂf,
T s %

; (79)
p | Usligs
1= 5 =7 . .
j{;z (Uin ‘ILfl D‘ﬂr
[0105] It can be seen that both the output power and effi-

ciency of the WPT system are related to the operation mode.
FIG. 20 illustrates the relationship between efficiency and
operation mode. With the increasing input voltage, the effi-
ciency will increase sharply during DCM1 mode and the rate
of increase slows down when the system enters into DCM2
mode. At the end of the DCM2 mode and the entire CCM
mode the efficiency will be stabilized at the maximal effi-
ci1ency.

[0106] Thefundamental element approximation 1s accurate
enough when the system 1s operating at continuous conduc-
tion mode. However, 1f the system 1s operating at DCM
modes, the error cannot be 1gnored. So 1t 1s essential to deter-
mine the range of different operation modes with various
output voltage (battery voltage). The misalignments are
inevitable 1n the wireless charger for EV/HEYV, thus, 1t 1s of
significant importance to analyze the impact of various cou-
pling coellicients on the range of each operation mode.

[0107] The foregoing description of the embodiments has
been provided for purposes of 1llustration and description. It
1s not mtended to be exhaustive or to limit the disclosure.
Individual elements or features of a particular embodiment
are generally not limited to that particular embodiment, but,
where applicable, are interchangeable and can be used 1n a
selected embodiment, even 1f not specifically shown or
described. The same may also be varied 1n many ways. Such
variations are not to be regarded as a departure from the
disclosure, and all such modifications are intended to be
included within the scope of the disclosure.

APPENDIX

10108]

/‘{'JMZLfl —LleLfl +L2M12 (Al)
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ays = ah; = LiLey — M7, aye = =MLy — MM|;
1 1 1 1
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(i = —, d — ., = — = —. .
23 (?1 54 = (?2 6l 63 = Cifl 74 = (1f2
by, =M* = L1, by =L,M\, b, = MM,.
(0 abh oy ol afsafy afy 0
0 0 Y%, 0 0 0 0 O
I I If If i I
0 t3p U3z t3q U3z Q3¢ U37 0
I I If If i I
1 0 ap  ags Gaa Q45 Q46 O47 y
X1 0 0 0 Ao 0o 0o 0
ylall 0 yMalk (0 0 0 0 0
0 0 0 yMal, 0 0 0 y'lalh
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What 1s claimed 1s:
1. A wireless power transier system, comprising:

a send unit configured to transier power using inductive
power transier, wherein the send unit includes:

an mverter configured to recerve a DC iput signal and
convert the DC input signal to an AC output signal at a
desired resonant frequency;

a send coil configured to receive the AC output signal from
the mnverter and generate an alternating electromagnetic

field; and

a send side compensation circuit interconnecting the
inverter with the send coil, wherein the compensation
circuit 1s comprised of a send side inductor and a send
side series capacitor serially coupled together at a node
and to a positive terminal of the send coil, and a send side
parallel capacitor coupled at the node and in parallel
with the send coil; and

a receive unit configured to receive power via inductive
power transfer from the send coil of the send umnit,
wherein the receive unit includes

a receive coil configured to receive the alternating electro-
magnetic field from the send coil of the send unit and output
an AC charging signal;

a recerve side converter configured to recerve the AC charg-
ing signal from the recerve coil and convert the AC
charging signal to a DC charging signal; and

a receive side compensation circuit interconnecting the
rece1rve coil with the receive side converter, wherein the
receive side compensation circuit 1s comprised of a
receive side inductor and a recerve side series capacitor
serially coupled together at a node and to a positive
terminal of the recerve coil, and a receive side parallel

capacitor coupled at the node and in parallel with the
receive coil.

2. The wireless power transier system of claim 1 wherein
the mverter 1s further defined as a full bridge converter circuit
comprised of four switches.

3. The wireless power transier system of claim 2 wherein
the switches are further defined as power metal-oxide-semi-

conductor field effect transistors (MOSFETSs).

4. The wireless power transfer system of claim 2 further
comprises a controller electrically coupled to the four
switches and operates to turn the switches on and off at a zero
voltage switching condition.

5. The wireless power transier system of claim 4 wherein
an equivalent recerve side inductance for the received side
series capacitor and the receirve side inductor has a value
larger than equivalent send side inductance for the send side
series capacitor and the send side inductor.

6. The wireless power transfer system of claim 4 wherein
the turn ofl current delivered by the controller 1s computed in
accordance with

R

(U?, [ALEZ ) l]
Uap\ L2 4 . Uap
\ oL oLy

lorr = V2

where U , 1s first order root mean square value of input
voltage to the mverter, U_, 1s first order root mean square
value of output voltage ot receive side converter, L, 1s induc-
tance of send side inductor, L, 1s inductance ot receive side
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inductor, w, 1s resonant frequency and AL _, 1s an increase 1n
value of L, to ensure the turn otf current 1s positive.

7. The wireless power transfer system of claim 6 wherein
AL, 1s computed 1n accordance with

1 I6rF min @06 L1 - L
Al ., ==L+ —
’ 4 & Uc?b_min

where U_, _ _ 1s the minimum {first order root mean square
value of output voltage of receive side converterand I . . ..
1s minimum turn off current to achieve U_, . -

8. The wireless power transfer system of claim 1 wherein
the receive side converter 1s further defined as a full wave
rectifier circuit.

9. The wireless power transfer system of claim 8 further
comprises a battery configured to receive the DC charging
signal from the receive side converter.

10. The wireless power transfer system of claim 9 wherein
the recerve umit 1s integrated into a vehicle.

11. The wireless power transier system of claim 1 wherein
the send side inductor and the send coil share a ferrite coil and
the recetve side inductor and the recerve coil share a ferrite
coil.

12. A wireless power transier system, comprising:

a send unit configured to transfer power using inductive

power transier, wherein the send unit includes:

a full bndge 1nverter circuit having four switches, the
tull bridge mmverter circuit configured to receive the
DC mput signal and convert the DC mnput signal to an
AC output signal at a desired resonant frequency;

a controller electrically coupled to each of the four
switches and drives the switches on and off at a zero
voltage switching condition;

a send coil configured to receive the AC output signal
from the 1nverter circuit and generate an alternating
clectromagnetic field; and

a send side compensation circuit interconnecting the
inverter circuit with the send coil, wherein the com-
pensation circuit 1s comprised of a send side inductor
and a send side series capacitor serially coupled
together at a node and to a positive terminal of the
send coil, and a send side parallel capacitor coupled at
the node and 1n parallel with the send coil;

a recerve unit configured to recerve power via mductive
power transier from the send coil of the charging unit,
wherein the recetve unit includes
a recerve coil configured to receive the alternating elec-

tromagnetic field from the send coil of the send unit
and output an AC charging signal;

a receive side converter configured to receive the AC
charging signal from the receive coil and convert the
AC charging signal to a DC charging signal; and

Jan. 15, 2015

a recerve side compensation circuit interconnecting the
recetve coil with the receive side converter, wherein
the recerve side compensation circuit 1s comprised of
a receive side inductor and a receive side series
capacitor serially coupled together at a node and to a
positive terminal of the receive coil, and a receive side
parallel capacitor coupled at the node and in parallel
with the receive coil.

13. The wireless power transier system of claim 12 wherein
an equivalent recerve side inductance for the received side
series capacitor and the receiwve side inductor has a value
larger than equivalent send side inductance for the send side
series capacitor and the send side inductor.

14. The wireless power transier system of claim 12 wherein

the turn off current delivered by the controller 1s computed in
accordance with

R

(U?, [ALEZ ) 1]
Uap\ L2 4 . Uag
\ oL AdewoLysy

lorr =2

where U, 1s first order root mean square value of input
voltage to the iverter, U , 1s first order root mean square
value of output voltage of receive side converter, L, 1s induc-
tance of send side inductor, L, 1s inductance of receive side
inductor, m, 1s resonant frequency and AL _, 1s an increase 1n
value of L, to ensure the turn off current 1s positive.

15. The wireless power transier system of claim 14 wherein
AL _, 1s computed 1n accordance with

2 2 2
1 ToFF min-@o L1 Lgs
QLEZ = ZLJFZ + 5
Uﬂb_mfn
where U, .., 1s the mimimum first order root mean square

value of output voltage of recerve side converter and I 5z ...,
1s minimum turn off current to achieve U, .

16. The wireless power transier system of claim 12 wherein
the recerve side converter 1s further defined as a full wave

rectifier circuait.

17. The wireless power transier system of claim 16 further
comprises a battery configured to receive the DC charging
signal from the receive side converter.

18. The wireless power transier system of claim 17 wherein
the receive unit 1s integrated 1into a vehicle.

19. The wireless power transier system of claim 12 wherein
the send side inductor and the send coil share a territe coil and
the receive side inductor and the receive coil share a ferrite
coil.
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